In attempting to increase the reliability of clover contribution in clover/ryegrass systems it is important to understand the roles of (1) specific traits of the clover genotype (2) climate and (3) their interactions in determining clover behaviour in swards. Overwintering and spring growth of white clover (cultivars AberHerald and Huia) grown in binary mixtures with perennial ryegrass were measured at 12 European sites ranging in latitude from Reykjavik, Iceland (64o30 ' N) to Pordenone, Italy (46°30 ' N). In the overwintering period, tiller density of the grass was assessed and detailed morphological and chemical measurements were made on the clover at each sampling time. During the growing season, the clover contribution to total available biomass was recorded. Detailed climatic data were available at all sites. The annual growth cycle of swards was divided into four functional periods (spring, summer, autumn and winter). Within each functional period community responses were modelled. The models incorporated independent biotic variables characterizing each community within each site at the start of the period and independent variables characterizing the climate at each site during the period. The models were linked dynamically by taking, as response variable(s) for a functional period, the independent biotic variable(s) of the succeeding period. In general, the modelling strategy was successful in producing a series of biologically meaningful linked models. Essential prerequisites for this were (a) the establishment of a well-devised common protocol prior to the experiment and (b) the extensive gradients of climatic and other variables obtained by using numerous sites. AberHerald generally performed as well as, or better than, Huia throughout the annual cycle across the range of climatic conditions encountered, and especially under low temperature conditions in winter and autumn. Clover leaf area index appeared to be a key variable in determining clover performance over winter and through the following growing season. Grass tiller density had a strong negative effect on clover content in spring but only at low temperatures. This emphasizes the importance of a high clover leaf area index in autumn as the main biotic factor related to spring clover content in milder conditions. The importance of climatic variables in the models is their use in explaining the reliability of the contribution of clover in clover/ryegrass systems. Temperature was the primary climatic determinant of clover response in all periods, having a direct effect on clover content and leaf area index or mediating the effect of the associate species. Radiation strongly influenced clover dynamics during winter and spring but not in the other periods, possibly because it was confounded with the effect of higher temperature. Precipitation was positively related to clover growth during spring and autumn and was related to tiller density in a complex manner during autumn and winter.
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INTRODUCTION
White clover (Trifolium repens) is the most important pasture legume in temperate zones (Frame and Newbould, 1984) . Although it has become adapted to a wide range of climatic conditions, morphological and physiological constraints limit its sward contribution in cool climates. The ability to overwinter successfully is essential for the persistence of white clover in more marginal, northern areas of Europe and North America, whereas its summer growth determines its agricultural value. White clover is almost always grown in association with grasses, but its contribution to the yield of the mixed species sward is characterized by variability, which poses problems for agricultural systems. This variability is partly determined by the competitive characteristics of white clover in the mixed community, but white clover is also affected by the continually changing environment within which it operates. In attempting to increase the reliability of the contribution of clover it is necessary to understand the role of climate in determining its behaviour in swards. To carry out controlled field experiments on clovers involving climatic variation is very difficult although the effects on clover growth of temperature, radiation and moisture have been studied to a limited extent in the laboratory. Most experiments on clover involve single sites with no control of meteorological variables and with the effect of climate being assessed qualitatively, if at all, by comparison of responses over several years.
While not as satisfactory as controlled experimentation, analysis of the performance of clover/grass systems over a range of sites varying considerably in climatic conditions may provide some insight into the individual effects of climatic variables on community dynamics. This paper reports the results of an experiment established at 12 sites in Europe over several years using two white clover cultivars which differ widely in their provenance and characteristics with the aim of establishing the relative importance of various factors for clover/grass community development.
Climatic factors -temperature, radiation and precipitation
The effect of temperature on clover growth is well documented (Jelmini and Nsberger, 1978) and it is known that the minimum and optimal temperatures for growth are higher than those for perennial ryegrass with which white clover is commonly grown (Mitchell, 1956; Davies, 1992) . Increases in clover content associated with higher temperature have been found in turves grown under laboratory conditions , under field conditions (Brougham, 1959; Nolan et al., 2001 ) and in a model of ryegrass/clover swards under changing temperature and CO, conditions (Topp and Doyle, 1996) . Kemp and Liu (1992) found limited expansion of clover leaves in a mixed pasture below 10 °C and Collins and Rhodes (1995) found that the slower growth of clover below 10 C affected its persistence in ryegrass/clover swards. There is some evidence that the temperature optimum for clover growth may be lower under reduced irradiance, possibly explaining the lower optima (17 to 23 C) in the studies of Beinhart (1962) . In clover, the rates of both leaf emergence and petiole extension are very responsive to changes in temperature (Boller and N6sberger, 1985) . Petiole extension rates are more adversely affected than lamina and sheath extension in grass during winter (Boller and N6sberger, 1983; Woledge er al., 1989) . In mixtures, this results in lower rates of net photosynthesis per unit of leaf area for clover than for grass owing to shading of the clover leaves within the sward canopy.
Growth rates at low temperatures (e.g. 5 15 'C) differ between ecotypes of white clover as well as between cultivars bred from such ecotypes, with Mediterranean types growing faster at low temperatures than types from northern Europe (Eagles and Othman, 1988) . On the other hand, ecotypes from northern Europe are generally more cold tolerant than those of Mediterranean origin (Eagles and Othman, 1981) . The successful overwintering of clover ecotypes or cultivars in cool climates is dependent not only on their intrinsic cold tolerance but also on their ability to acclimate further to low temperatures, a process termed 'cold hardening' (Collins, 2001) . Collins and Rhodes (1995) found that the degree of cold-hardiness developed by clover was related to the duration over which the plant was maintained at a positive low temperature and short daylength prior to freezing.
Radiation influences clover performance by its quality, irradiance and duration. Beinhart (1963) found a marked reduction in the formation of stolons from axillary buds in response to decreasing light intensity, and an increase in the red: far-red ratio of the incident radiation at the base of the sward enhanced the growth of clover stolons and petioles (Thompson and Harper, 1988; Thompson, 1993 Thompson, , 1995 when assimilate was not limiting growth. A reduction in the red: far-red ratio of incident light significantly delayed outgrowth of axillary buds of stolon stems (Robin et al., 1994; L6tscher and N6sberger, 1997) . For grasses, Casal el al. (1987) and Gautier et al. (1999) found reductions in tiller density with decreases in the red: far-red ratio at the base of the stem. Positive effects of photoperiod on clover leaflet and petiole length and on the photosynthetic potential of clover leaves were found under glasshouse conditions (Dennis and Woledge, 1983; Eagles and Othman, 1988) . However, there is evidence (Faurie et al., 1996) that interactions between the greater ability of clover to intercept light than associated grass species (Lantinga et al., 1999) , and its poorer use of intercepted light, may reduce the impact of light as a determinant of the dynamics of clover/ grass mixtures.
In the literature, data on the effect of water relations on clover growth are contradictory. There is some evidence that clover is more sensitive to drought than the agriculturally important grasses (Thomas, 1984) ; for example, Liu and Kemp (1992) suggested that the poorer performance of white clover compared with Phalaris aquatica in terms of rates of leaf emergence and leaf or petiole extension under water stress may be due principally to a shallower root system. With increasing soil water deficit, the yield and percentage contribution of clover to the total herbage yield were found to fall more rapidly than those of the grass component (Low and Armitage, 1959; Stiles, 1966 (1968) concluded that although the percentage of clover in the sward in permanent pastures was strongly related to spring temperatures there was no direct relationship between white clover content in swards and summer rainfall in permanent pastures. Clover performance may be affected more by seasonal deficits of rainfall, soil type, slope and aspect than by total annual rainfall (Bircham and Gillingham, 1986) . However, recent results show that interactions among the roots of grasses and clover can lead to improved growth and yield of clover under moderate water deficit (Lucero et al., 1999) , and that clover can extract water from deeper soil layers than ryegrass (Guckert et al., 1993; Grieu et al., 2001) . No consistent relationships among several weather parameters, including rainfall, and white clover performance were found by Frame and Boyd (1984) who concluded that production was affected by a complex of interacting factors.
White clover properties and overwintering ability
Stolons are the main perennating organs of white clover and are recognized as the principal means of persistence in most temperate climates (Harper, 1978) . Annual clover yield was found to be significantly correlated with the amount of stolon present on sampling dates in autumn and winter (Collins et al., 1991; Puzio, 1998) and with the amount of stolon surviving the winter (Harris et al., 1983; Rhodes, 1991) . Collins et al. (1991) pointed out that a decline in stolon weight m -2 may not necessarily indicate winter damage, as stolon reserves may decline during the winter to meet the energy demands of the plant. They concluded that stolon length is probably a better criterion by which to estimate winter hardiness. However, Stiheli Posch (1998) was unable to confirm the usefulness of these relationships, perhaps due to the high stolon abundance ( > 100 m m-2 ) present in the spring in Switzerland. Collins et al. (1991) suggested that having a large number of available growing points in early spring facilitates the rapid re-establishment of a stolon network. However, in other studies, the density of growing points has been shown to be of minor importance for spring yield (Haycock, 1981; Davies and Evans, 1982) .
Production of 'cryoprotective' compounds e.g. soluble carbohydrates, sugar alcohols and proline, may be one mechanism by which cold resistance is attained in some species, including white clover (Yelenosky and Guy, 1989; R0snes et al., 1993; Svenning et al., 1997) . A good correlation between water soluble carbohydrate (WSC) content and stolon freezing tolerance has been reported in controlled environment studies of white clover by Junttila et al. (1995) and Svenning et al. (1997) . Frankow-Lindberg et al. (1996) reported that in a field experiment in which all the leaves died during winter, the spring yield of white clover was positively correlated with the total non-structural carbohydrate (TNC) levels of the plants in autumn and at the beginning of spring regrowth. Consequently, it has been concluded (Frankow-Lindberg and von Fircks, 1998 ) that the accumulation and utilization of non-structural carbohydrates are important in determining the extent to which clover cultivars survive the winter and regrow in spring in a harsh climate. However, experimental evidence from other species has shown no direct link between solute accumulation and increased cold tolerance (Pollock et al., 1988; Thomas and James, 1993) . In addition to the carbohydrate reserves, nitrogen reserves may also affect the level of cold hardiness developed by white clover plants (Guinchard, 1995; Guinchard et al., 1997; Volenec et al., 1996) . Leaf activity and dynamics over the winter may be important determinants of clover survival and spring growth. Under certain conditions, leaves of white clover can continue to assimilate carbon during winter (e.g. Woledge and Dennis, 1982; Woledge et al., 1989 Woledge et al., , 1990 but, under low temperatures and irradiance levels, the rates of C assimilation are reduced markedly compared with summer. There have been reports of leafy plants showing higher rates of bud emergence and lower rates of bud death during winter than defoliated plants, probably owing to greater supplies of carbohydrate (Staheli Posch, 1998; Lischer et al., 2001) . Substantial reductions in clover leaf area have been observed at low temperatures under controlled conditions (Guinchard et al., 1997) , in the field at the beginning of winter (Guinchard, 1995) and in late spring (Ollerenshaw and Haycock, 1984) . The maintenance of leaf area during the winter is also thought to be important in facilitating regrowth in spring (Haycock, 1984; Lischer et al., 2001) by ensuring carbon acquisition begins as soon as temperatures reach the threshold for net assimilation (Baur-Hbch et al., 1990; Robin et al., 1999) . Differences among cultivars in the amount of leaf retained in winter may affect their relative competitiveness in the grass sward during the subsequent growing season (Stiheli et al., 1996) .
Clover dynamics in summer
A major feature of clover-based swards is the variation among years in the growing season clover content. Factors involved in the fluctuation of sward clover content include the success of the establishment/regeneration technique (Naylor et al., 1983; Culleton et al., 1988) , interactions with companion grass species (Chestnutt and Lowe, 1970; Frame, 1990; Schwinning and Parsons, 1996a, b) , effects of diseases and pests (Ferguson et al., 1988; Martin, 1991; Rhodes et al., 1998; Goldson et al., 2000) , changes in clover morphology (Curll et al. 1985a, b; Fothergill et al., 1996) and chemical composition (Ourry et al., 1998) . Many of these factors can be influenced by pasture management e.g. application of fertilizer nitrogen (Curll et al. 1985a, b; H6glind and Frankow-Lindberg, 1998 ) and grazing management (Nolan, 1975; Curll et al. 1985a, b; Fothergill et al., 2000; Nolan et al., 2001) . Appropriate grazing and cutting regimes towards the end of the growing season can enhance the clover content in the following spring (Laidlaw and Stewart, 1987; Laidlaw et al., 1992) . Resting from grazing in mid-or late season (Curll and Wilkins, 1985) or late in the season only (Fothergill et al., 2000) , can help to maintain the contribution from white clover. Fothergill et al. (2000) found that increases in clover leaf area at the end of the growing season were associated with increases in stolon abundance, stolon thickness and length, and they proposed that leaf area might be a useful integrator of various other morphological variables of the clover plant at this time of year. Physiological and simulation models suggest that legume dynamics in mixed pastures cannot be understood fully without combining ecological and physiological interactions at three different scales: competitive interactions at the patch-scale; dispersal at the between-patch scale; and seasonality at the field-scale Parsons, 1996a, b, 1999) .
Genetic variation
There is considerable evidence that adaptation to specific climatic regimes can modify the response of clover cultivars to climate. The global market for clover seeds is still dominated by Grasslands Huia which contributes approximately 40 % of all seed traded (Mather et al., 1996) . This medium-leaved cultivar, selected for oceanic conditions in New Zealand, was released in 1957 and is well adapted to a range of pastoral farming conditions (Williams, 1983) . Under the cool-temperate, maritime conditions of Wales, Huia is initially highly productive (Fothergill et al., 1992) but its persistence is poor (Collins et al., 1991; Fothergill et al., 1992) . Eagles and Othman (1981) found a negative correlation between the growth at low temperature and cold hardiness of ten cultivars of clover of differing origins (including Huia), but Collins et al. (1991) showed that this correlation did not exist for a range of populations collected in Switzerland.
Collins and Rhodes (1995) also established that there is a considerable amount of underexploited genetic variation in cold tolerance within white clover. Improved cold tolerance combined with good spring growth are among the main aims of the white-clover breeding programme in the UK (Webb and Rhodes, 1991; Rhodes and Ortega, 1996; Rhodes et al., 1998) . For example, AberHerald (formerly designated AC 51) is a relatively new cultivar, which was added to the UK National List in 1994. This medium-leaved type was developed from material collected in a region of Switzerland with continuous snow cover and little opportunity for winter growth (Rhodes and Fothergill, 1992) . Although relatively cold-hardy , it shows a high rate of leaf expansion in response to moderately low winter temperatures (5 to 15 C) (Stiheli et al., 1996) .
The COST814 Programme
To assess the environmental and plant characteristics that are related to the sustainability and productivity of white clover cultivars in regions with cold and wet winters, a joint research programme was established among a number of European research groups under the COST (Cooperative Organisation of Science and Technology) programme . A common experimental protocol was used at 12 sites, under which detailed data quantifying the morphogenesis and carbohydrate reserves of white clover during winter and spring, in addition to growing season productivity, were collected. Comprehensive meteorological recordings were also made.
A companion paper provides an introduction to the experimental results and presents a preliminary analysis of the data . To facilitate comparison across sites, the annual growth cycle was partitioned into four functional periods (summer, spring, winter, autumn) and the status of white clover and the companion grasses was presented for each. The purpose of the statistical analysis was to identify the relative contribution of factors (site, year, clover cultivar and their interactions) in determining morphological and chemical responses during winter, and productivity responses during summer. Analysis was performed by means of simple ANOVA models. However, this analysis, based on site and year, is not useful in extrapolating conclusions to other regions or to these 12 sites under different climatic conditions.
The goal of the present paper is to use the data described in Wachendorf et al. (2001) to identify dynamic relationships between plant responses at a site for each of the four periods, autumn, winter, spring and summer. Through replacement of site and year by climatic variables, dynamic models of plant response for each of these functional periods, as related to clover cultivar and sward status at the start of the period, are developed. These models account for much of the variation in response within and among sites. The logical and statistical approaches to the modelling carried out in this paper are presented in detail in Connolly and . While this approach and these models do not substitute for experimental manipulations of climatic variables, they should provide insight into the relative importance of biotic and climatic determinants of sward development throughout the annual cycle. They should, consequently, form the basis for hypotheses about the causal mechanisms underlying the functioning of clover/grass communities.
MATERIALS AND METHODS

Common experimental protocol
Full details of the field experiments and a description of the measurement techniques and chemical analyses are given in Wachendorf et al. (2001) . They are summarized here briefly. Field experiments using a common protocol were conducted at 12 sites in Europe: Aberystwyth (UK), Athenry (IRL), Kiel (GER), Melle (BEL), Mikkelli (FIN), Nancy (F), Pordenone (ITA), Reykjavik (ISL), Uppsala (S), Wageningen (NL), Weihenstephan (GER) and Zurich (CH). Swards were established using either Triolium repens cultivar AberHerald (IGER, Aberystwyth, UK), which is cold hardy and shows increased leaf growth rates at moderately low winter temperatures (5 to 15 C), or cultivar Huia (Grasslands Division, DSIR, NZ), in binary mixtures with Lolium perenne, generally cultivar Pr6ference. Swards were cut two to seven times during the growing season depending on the growing conditions at the sites. Generally, low levels of fertilizer nitrogen were applied to encourage clover growth but this varied across sites and over years . Dry matter yield of the sward and its components was recorded at each cut. During winter, several destructive samplings were made to +Site included in the model. -Site not included in the model.
determine the dynamics of dry mass, morphology, and chemical characters of different plant parts. At all sites, precipitation, air and soil temperatures and total radiation were recorded daily. Temperature, precipitation and radiation sums were computed over various periods by simple addition of daily values. Not all variables were measured at all sites and, consequently, the number of sites and the number of plots involved (n) varies over models (Table 1) .
Modelling strategy
These data provide a rare opportunity to develop perspectives on species' performance in mixed communities over a very wide range of conditions, but their analysis provides a challenge in extracting useful information on relationships from a broad and complex body of data. The modelling strategy used the following guiding principles ): partitioning of the annual cycle into a number of functional periods; modelling aspects of community development within each functional period using plot and site level covariates; and linking the models for successive periods to produce a dynamic description of sward change through its annual cycle.
At each site, community development followed a particular pattern through its annual cycle, from overwintering through initiation of growth to growing season growth. The timing of these phases varied widely across sites and was reflected in the timing of morphological and production measurements at each site, leading to a data set uncoordinated in calendar time across sites. Thus, a calendar-based approach to modelling (which might suffice at any one site) was regarded as inappropriate. The annual cycle was divided into four functional periods (Fig. A and Wachendorf et al., 2001) . These are defined in terms of the winter morphological measurements and the growing season cuts:
A: Summer-from the first to the last growing season cut; B: Spring-from the last morphological measurement to the first growing season cut; C: Winter-from the first to the last morphological measurement; and D: Autumn-from the last growing season cut to the first morphological measurement.
Models for each period were developed for each cultivar, relating features of the sward state at the end of or during the period to biotic variables that characterize sward state at the start of the period for each plot, and to climatic and management variables, reflecting the environment at each site during the period. The plot-level variables are considered to integrate the past history and characteristics of the community in an experimental plot whereas the sitelevel variables reflect variation among sites and over time and are common for all plots within the site for a functional period. Since this is an annual cycle it is possible to start modelling in any of these periods and several variables may suggest themselves as the most relevant response to model. Starting in summer, the average clover content of swards during this period was regarded as the most important feature of the annual system from a practical viewpoint. A strategy (Fig. IB) was adopted that produced a linked series of models covering the whole year ). Within any period there are several plot and site variables that are possible candidates for inclusion in a model as independent variables. The plot candidates depend on the morphological or composition/growth measurements available at the start of the period. For clover morphological data, the list includes stolon dry matter, stolon length, terminal bud number, leaf area index, total non-structural carbohydrates of stolons, and several variables derived from these . For the companion grass, the variable used was tiller density. Clover content at the end of spring (the clover content at the first cut of the growing season) was the independent plot variable used for modelling clover content in summer. For site variables, possible candidates included mean and accumulated temperature, precipitation and radiation for the period, and the annual level of nitrogen fertilizer used. Since the functional periods varied greatly in length from site to site , Tables 2-4), mean and accumulated versions of the same variable may not be very closely related across sites. The modelling strategy utilized the plot variables chosen as independent variables in a The response variable was transformed to the logit scale.
t t-values and probabilities of main effects were omitted when the effect was included in a significant interaction.
* Cultivar is coded AberHerald and Huia as levels I and 2; observed coefficient for C refers to AberHerald. For example, the model of mean clover content during summer included clover content at the end of spring as an independent variable. When this latter variable was modelled in spring, clover leaf area index and grass tiller density at the end of winter emerged as the best independent variables. These in turn became the objects of modelling in winter, and so on. Table 2 lists the response variables and independent plot and site variables used in the models for each of the four periods and provides summary statistics for them. Since the starting response variable (mean summer clover content; Model A) is an aggregate over the summer and not a response at the end of that period, these four models do not complete an annual cycle. Table 2 therefore includes a fifth model (Model E) that completes the cycle by relating the clover content in the final cut of summer to plot variables at the start of, and site variables during, that period. Clover content, clover leaf area index and grass tiller density were transformed before analysis . Clover content (CL %) was measured as a percentage of dry matter but, when used as a response variable, the logit of clover content, defined as log [CL %/ (100-CL %)], was used. This procedure ensures that the model will give predicted clover contents lying in the range 0 to 100 and prevents interactions induced by scale rather than biology. Zero spring clover contents (such as occurred at the Italian site in 1996) were set to 005 g 100 g-' DM, the smallest non-zero content measured. The logarithm of clover leaf area index was used as a response variable to reduce heteroscedasticity. When tiller number was the response variable, it was analysed using the square root scale to eliminate heteroscedasticity. The inverse of tiller density was a better independent variable than tiller density, perhaps reflecting the common experience, in competition models, that many response variables are inversely related to the density of competitors (Connolly, 1987) . Some plot-level independent variables may themselves be affected by clover cultivar and this may involve some confounding of cultivar effect with effects of independent variables (Connolly and ). Thus, for example, in model D (Table 8) , clover content at the start of autumn is the plotlevel independent variable. The coefficient for clover cultivar in the model estimates the difference between cultivars over the period, assuming that they started the period at a common clover content. Thus any difference between cultivars in initial clover content is not taken into account in the treatment effect for the period.
Statistical analysis
Models were developed for each functional period in terms of initial biotic variables and climatic variables. The statistical and logical approaches to the modelling are presented in detail in Connolly and . The multisite and multiyear nature of the study suggests that the error structure may be complex. The analysis was performed using the MIXED procedure of SAS with the REML (Restricted Maximum Likelihood) option (SAS Institute, 1996) . The model contained fixed (Table 2 ) and random effects (Table 3) . The random components considered included: site, year within site, block within site, plot within block within site, and the year to year variation associated with each plot defined as repeated measures. As data for two consecutive years only were available for most plots, repeated measures were assumed to obey compound symmetry. The models were selected by standard model fitting methods. Wald tests, with Satterthwaite's approximate denominator degrees of freedom, were used to test fixed effects and a P-value < 0-05 was regarded as the criterion for inclusion in the model. For fixed effects, threeway interactions were tested but they were usually not significant. In the rare case of significance with a P-value close to 0.05, but limited biological relevance, these interactions were omitted from the model. Estimates of the variance components for the selected models (Table 3) show that both block within site effects and plot within block within site effects were absent from most models. The absence of block within site effects may be due to the inclusion of plot-level variables that effectively accounted for differences among blocks. The absence of the plot within block within site component is more surprising, indicating that plots were as variable from year to year as they were from one plot to the next. The main features of the models are presented graphically. Predictions from the model were formed to represent each of the salient features of the model (see , for details). Predictions for the interaction of clover cultivar with a variable are presented as a predicted curve (for a range of values of the variable) for each cultivar. Predictions for significant interactions of continuous variables are plotted as two lines, one each for a high or low level of one variable (approximately its mean + s.d.), while the other variable is varied continuously in the range of highest observed frequency of values. The range chosen for prediction from the independent variables (Table 2 ) was selected to exclude values close to the observed minimum and maximum of the variable, and predictions outside the range of the observed data were excluded. The response variable was generally transformed before analysis and predictions and tests of significance were first made on the transformed scale and then backtransformed to the original scale for graphical presentation. Predicted means on the transformed scale (assuming normality and hence symmetrical distribution of the responses on that scale), when backtransformed, give predicted medians on the original scale. Details of the computation of tests of significance and confidence intervals presented in the diagrams are given in Connolly and .
RESULTS
The results of the models for each of the five functional periods are presented in the form of a table of coefficients, and a diagram of predictions from the model illustrating the model terms ). Only those features of the models that are statistically significant are considered, unless stated otherwise. Although the level of nitrogen applied varied widely across sites and years, it was not a significant independent variable in any of the models.
Mean clover content during summer (Model A)
There was a strong positive relationship between mean summer clover content and clover content at the end of spring for both AberHerald and Huia (Table 4 , Fig. 2A ) with AberHerald performing better than Huia for initial clover contents above 30 %. Increasing temperature increased mean clover content during summer if the initial clover content was low (Fig. 2B) .
Clover content at the end of spring (Model B)
The previous model showed the importance of high clover contents at the end of spring for high mean summer clover contents. Here, clover content at the end of spring is modelled in terms of plant variables measured at the end of winter and environmental variables measured during spring.
Clover cultivar, clover leaf area index and tiller density of the companion grass at the end of winter were significant biotic predictors of clover content at the end of spring, but they interacted significantly with environmental factors (Table 5 , Fig. 3 ). Clover cultivar interacted with mean daily precipitation, with clover content at the end of spring showing a strong positive response to increased precipitation for AberHerald (Fig. 3A) . At low levels of precipitation, Huia clover content at the end of spring was higher than that of AberHerald, but the converse was true at high levels of precipitation. Clover content at the end of spring responded strongly to clover leaf area index at the end of winter, the more so when cumulative radiation for the period was high (Fig. 3B ). Grass tiller density had a negative impact on clover content at the end of spring when the temperature sum was low, but this effect was not observed at higher temperature sums (Fig. 3C) . At tiller densities above 2000 m -2 , the reduction in clover content at the end of spring arising from low temperature sums was very marked.
Winter (Model C)
Since clover leaf area index and grass tiller density at the end of winter were significant predictors of clover content at the end of spring, these plant variables were the subjects chosen for modelling during the preceding period. Levels of clover leaf area index and grass tiller density at the start of winter emerged in model selection as the only biotic covariates in these models.
Clover leaf area index at the end of winter (Model C 1 ).
Clover leaf area index at the end of winter was much lower in Huia compared with AberHerald when the daily mean temperature was below + 5 °C (Fig. 4A, Table 6 ). Clover leaf area index at the start of winter (Fig. 4B ) and mean daily radiation (Fig. 4C ) had strong positive effects on clover leaf area index at the end of winter.
Grass tiller density at the end of winter (Model C 2 ).
Grass tiller density at the end of winter was lower when grown with AberHerald (4305 m -2 ) than with Huia (4696 m 2 ), but the difference was not significant. Grass tiller density at the end of winter was positively related to grass tiller density at the start of winter, most markedly so for initial densities below 2000 m-2 (Fig. 5A , Table 7 ). Increasing the duration of winter caused a marked reduction in tiller density (Fig. 5B) . Although the effect was more pronounced at low mean daily temperatures, when predicted tiller densities were higher, prolonged winters generally led to very low densities. Tiller density at the end of winter was low for short, wet winters but increased with the duration of winter to match the density predicted under low winter rainfall (Fig. 5C ).
Autumn (Model D)
The next step involved checking whether clover leaf area index and grass tiller density at the start of winter, the independent variables for the winter models, showed any relationships with variables at the start of autumn or with climate during autumn.
Clover leaf area index at the start of winter (Model D).
Clover leaf area index at the start of winter was generally about 21 % higher for AberHerald than for Huia (Table 8) . Clover leaf area index at the start of winter was positively related to mean daily radiation and mean daily precipitation during autumn (Fig. 6A and B) and to clover content at the start of autumn (Fig. 6C) . Precipitation during autumn appeared to be the strongest of these three determinants of clover leaf area index at the start of winter.
Grass tiller density at the start of winter (Model D,).
Grass tiller density at the start of winter was positively related to mean daily temperature during autumn for both AberHerald and Huia (Fig. 7A, Table 9 ) with a higher tiller density for grass in association with Huia at lower temperatures. Grass tiller density at the start of winter was lower in swards that had a higher clover content at the start of autumn (Fig. 7B) . The duration of autumn and mean daily precipitation affected grass tiller numbers at the start of winter in a complex manner (Fig. 7C) . Grass tiller density at the start of winter was positively related to the duration of autumn for low mean daily precipitation and negatively for high daily precipitation. Grass tiller densities at the start of winter were lower in dry compared with wet autumns of short duration, with the converse being observed when the duration of autumn was close to 50 d.
Summer (Model E)
The final model links the clover content at the start of autumn with variables at the end of spring and climatic variables during summer, thus completing the annual cycle. Clover content at the start of autumn increased with clover content at the end of spring but more rapidly for AberHerald than Huia (Fig. 8A, Table 10 ). AberHerald gave higher clover contents at the start of autumn than Huia when clover content at the end of spring exceeded 25 %. Clover content at the start of autumn increased with increasing temperature sum (Fig. 8B) .
DISCUSSION
Some general conclusions can be drawn from this study, most notably the fact that clover/ryegrass communities exhibit great plasticity in their response to the environment. The climatic characteristics of a site, including the variation in meteorological factors, set limits on the success of maintaining a given proportion of clover in the sward. The existence of interactions with climatic variables suggests that climate can change the outcomes of management strategies. Insights into the effects of climate on biological processes create a framework within which proposed initiatives can be assessed, e.g. in developing breeding strategies for extending the range of climates in which clover can be profitably used. The present results indicate that field experiments involving clover should include full climatic data to allow others to assess the likely impact of treatments when applied to other sites. This work demonstrates the value of multisite studies and their role in integrating the effects of factors which may be difficult to assess at any one site, but which vary considerably over sites. The approach used has relevance for the study of the effects of climate on population dynamics in communities other than clover/ grass; for example, it could provide a framework for assessing some of the impacts of global change on the community at a site. The 12 experimental sites in this study spanned a very wide range of climatic conditions ).
The primary conclusion from the modelling is that variation in clover behaviour in mixed clover/grass communities within sites and across sites and years can be described, for each of the defined functional periods, by a combination of sward state at the start of the period, clover cultivar and climatic variables. The models focus attention on combinations of environmental and biotic factors of special interest in the further examination of the system. It The response variable was transformed to the logit scale. is not claimed that the relationships developed in these models are causal, and the information on climatic effects is not the outcome of experiments in which climatic factors have been randomized. Nevertheless, they provide a basis for hypotheses about the main forces driving the dynamics of clover/ryegrass systems. It is also not claimed that the relationships are complete, as there are many regulators of growth which can influence the development of this system that have not been tested here or that have not emerged as important in this analysis. However, in reducing a large and diverse body of data to some plausible structures, the models may highlight several important issues in the study of plant communities.
Determinants of system dynamics in functional periods
Understanding the behaviour of the clover/ryegrass community through its annual cycle requires understanding of the cultivar x environment and the species x environment interactions and how these change with season. The system is complex, with many facets of each plant species potentially contributing to its development, and insight is improved if a small set of plant characteristics can be identified as the major elements associated with change over time.
Summer. The relationships between clover content at the end of spring and clover content during, and at the end of summer (Figs 2 and 8 , Tables 4 and 10) are consistent with the general finding that a poor sward clover content in spring persists throughout the following summer as reduced proportions and yields of clover (findings under different cutting regimes: Eagles and Othman, 1988; Collins et al., 1991) . The importance of spring clover content as a determinant of subsequent clover content also emerges under grazing . The positive effect of higher mean daily temperatures on clover content during summer accords with the findings of Newton et al. (1994) , Brougham (1959) and Nolan et al. (2001) . The positive effect of accumulated temperature on clover content at the end of summer probably reflects the duration of this period rather than the mean daily temperature, which is somewhat in contrast to the finding of Model A.
Spring. Model B is complex (Fig. 3, Table 5 ), intimately interweaving biotic and climatic variables during this short period, with three interactions. Opinions differ about the influence of water supply on the development of clover in mixture with grasses (Low and Armitage, 1959; Stiles, 1966; Kleter, 1968; Frame and Boyd, 1984; Bircham and Gillingham, 1986; Guckert et al., 1993; Lucero et al., 1999; Grieu et al., 2001) . Here, responses differed between cultivars, with AberHerald being more adversely affected by low precipitation than Huia. Experimental findings suggest that radiation is a main driving force in clover growth (Beinhart, 1963; Dennis and Woledge, 1983; Eagles and Othman, 1988; Hraut-Bron et al., 1999) . The finding in this investigation that at a high radiation level there was a stronger positive relationship between clover content at the end of spring and clover leaf area index at the end of winter, is consistent with their reports. The strong effect of grass tiller density on spring clover content at low temperatures appears to be a direct effect of competition from the more cold tolerant ryegrass (Mitchell, 1956; Arnott and Ryle, 1982; Boller and N6sberger, 1983; Davidson and Robson, 1986; Woledge et al., 1989; Davies, 1992) .
The absence of other morphological variables from the model does not mean that these had no function. Instead, it emphasizes the overall importance of clover leaf area index, both in its own right (Haycock, 1984; Lischer, 1989; Staheli Posch, 1998) and by integrating other important effects. For example, stolon length may be one of the determinants of clover leaf area index, but once leaf area index is in the model the effect of stolon length is represented through it. None of the carbohydrate fractions in the stolon material were important in determining sward clover content in spring, conflicting with evidence of the importance of carbohydrate content for winter survival (Collins and Rhodes, 1995; Junttila et al., 1995; FrankowLindberg et al., 1996; Svenning et al., 1997; FrankowLindberg and Fircks, 1998) . One explanation may be differences in methods used at the various laboratories resulting in inconsistent measurement scales for these constituents.
Winter. The larger leaf area index of AberHerald compared with Huia at low temperatures (Fig. 4A . Table 6 ) suggests that AberHerald has a greater ability than Huia to photosynthesize and partition assimilates into leaf area, allowing higher rates of expansion under unfavourable conditions, or alternatively, that leaves of AberHerald last longer. Lischer et al. (2001) reported a higher cumulative leaf emergence and a higher mean leaf number for AberHerald than Huia during winter, whereas the rate of leaf death was the same. The effects of low temperature on clover during winter may be more complex than they appear in model C . The type of precipitation (snow, ice, rain) was not considered as this information was not available. There is evidence that snow cover can ameliorate low temperature effects (Sprague, 1955; Woledge et al., 1989) and that frost or ice, in the absence of snow cover, can intensify them (Sprague and Graber, 1940: Smith, 1981; Guinchard, 1995; Guinchard et al., 1997) .
The strong relationship between clover leaf area index at the start and end of winter (Fig. 4B ) and its role as the sole biotic predictor, suggests that it plays a pivotal role . The positive response of leaf area index to radiation (Fig. 4C ) agrees with the findings of Woledge and Dennis (1982) and Woledge et al. (1989) . The latter found some limited photosynthetic activity in clover during winter even though its leaves tended to occupy a lower position in the canopy than those of grass, but at a time when competition with the companion grass for light was weak.
The model for grass tiller density at the end of winter (Fig. 5, Table 7 ) is unsatisfactory, giving predictions well outside the observed range for combinations of duration of winter with temperature and precipitation. It also gives results in respect of the effects of temperature that are in conflict with the literature (Langer, 1954; Cooper and Tainton, 1968; Davies and Calder, 1969; Peacock, 1975; Bahmani, 1999; Parsons and Chapman, 1999) .
Autumn. The considerably higher clover leaf area index for AberHerald than Huia at the start of winter established an advantage that was reinforced at lower temperatures over winter, possibly due to AberHerald's faster leaf emergence rate (Lischer et al., 2001) and generally larger leaves (Frankow-Lindberg, 1999) . Clover leaf area index at the start of winter increased with mean daily radiation (Fig. 6A,  Table 8 ), reinforcing the importance of radiation for clover growth observed in spring and winter and noted in Beinhart (1963) , Dennis and Woledge (1983) , Eagles and Othman (1988) and Hraut-Bron et al. (1999) . Since autumn is the main branching season for clover (Stevenson and Laidlaw, 1985; Caradus, 1990) , the strong positive relationship between clover leaf area index and precipitation (Fig. 6B ) may be partly due to enhanced nodal rooting in moist soil. promoting the growth of new branches. The rather weak relationship between clover leaf area index at the start of winter and clover content at the start of autumn (Fig. 6C) is somewhat surprising and indicates that system dynamics in this period can be as sensitive to the environment during autumn as to sward state at the start of the period.
The lower tiller density with AberHerald compared with Huia at low temperatures at the start of winter (Fig. 7A , Table 9 ) suggests AberHerald has a greater competitive ability. However, the increase in tiller density with increasing temperature, a response not observed for clover leaf area index at the start of winter, suggests that ryegrass benefits more than clover from higher temperatures during this period. In autumn, it is common to observe a high white clover content and a decline in sward perennial ryegrass tiller density (e.g. Bahmani, 1999) , but the opposite relationship observed here (Fig. 7B) may simply reflect the relationship between clover and tiller density that was present at the start of autumn (Fothergill et al., 2000) . Since tiller density was not measured at that time, this cannot be confirmed. The effect of precipitation on tiller density at the start of winter (Fig. 7C ) may be due to competitive interaction with clover: in short autumn periods, high precipitation led to increased tiller density, but in wet autumns, a longer duration (longer time for sward recovery after the last harvest) led to reduced tiller density, perhaps due to the positive effect of wetter conditions on clover growth (Fig. 6B) . The opposite held for dry conditions, with tiller density increasing with duration of autumn, perhaps due to poor clover regrowth and competitiveness.
Overview of the effects of climatic and biotic determinants.
Taken together, these models establish that climate is a major determinant of biotic responses at each stage of the annual cycle; they are, therefore, powerful tools in examining the reliability of clover contribution in clover/ ryegrass systems. Temperature was the primary climatic determinant of clover response in all periods, having a direct effect on clover content and leaf area index or mediating the effect of the associate species. Radiation strongly influenced clover dynamics during winter and spring but not in the other periods, either because it was then no longer a limiting factor, or because it had become confounded with the effect of increasing temperature, as suggested in Nolan et al. (2001) . Precipitation was positively related to clover growth during spring and autumn and was related to tiller density in a complex manner during autumn and winter.
Clover leaf area index at the start of a period (where measured) was the best morphological predictor of clover response at the end of the period. When leaf area index was not measured, the clover content at the start of the period was a good predictor of clover growth response during the period. Grass tiller density, available as an independent variable affecting clover growth during winter and spring, was a useful predictor only in spring and then only at low temperatures.
Implications for Management
To improve the clover/ryegrass system, it is also important to understand the size and relative importance of cultivar x environment and species x environment interactions at critical times in the annual cycle. Potential improvements also depend on identifying plant traits that are associated with a good performance in each season for both components of the mixture under very different climatic conditions, and whether these traits are amenable to genetic manipulation. This understanding may also help to establish the limits to improvement attainable by breeding and management.
Comparison of clover cultivars. AberHerald generally performed as well as, or better than, Huia throughout the annual cycle across the range of climatic conditions encountered in each functional period, and especially under low temperature conditions in winter and autumn. However, there were conditions under which the differential was minor (high winter temperatures) or where Huia was favoured (low spring precipitation). As measured by its effect on grass tiller density, AberHerald appeared to be more aggressive than Huia, especially at low autumn temperatures. Its advantage over Huia is likely to be related to a higher rate of leaf emergence (LUischer et al., 2001) ; generally larger leaves (Frankow-Lindberg, 1999) ; and rapid leaf expansion after defoliation allowing a quick recovery of photosynthetic activity (Collins and Fothergill, 1993) . Its cold hardiness , allied to its ability to respond rapidly under moderately cold conditions (5 to 15 C) may also be contributory factors. These results support the breeding objectives of producing leafy, drought-tolerant clover cultivars that are tolerant of low temperature, and can maximize the capture of radiation to produce good spring clover contents in mixed swards. There are, of course, many cultivars of white clover and many cultivars of perennial ryegrass that could have been selected for this experiment, and indeed other cultivars were used at various sites as additional treatments. Coordination of screening trials to allow the examination of cultivar x environment x season interactions could, perhaps, be a feasible way forward towards more efficient selection of appropriate cultivars for any site.
Seasonal management. Leaf area index at the start of winter was identified as a central variable in determining clover content in spring and summer, and its importance has also been noted by Fothergill et al. (2000) and LUscher et al. (2001) . Manipulation of leaf area index, for example through a late season rest from grazing, may provide a useful focus for attempts to improve clover content in the subsequent growing season (Curll and Wilkins, 1985; Fothergill et al., 2000) . However, defoliation during autumn has been shown to increase the number of growing points through an improved light environment for white clover (Laidlaw and Withers, 1989; Belesky et al., 1992; Belesky and Fedders, 1995; Patterson et al., 1995) , and the time of defoliation, and thus of recovery before the incidence of frost, can affect overwintering and spring growth (FrankowLindberg et al., 1997) . That clover content at the start of autumn had relatively little effect on clover leaf area index at the start of winter, together with the strong and unpredictable climatic effects during this period, suggest that management initiatives to increase clover leaf area at the start of winter may produce variable results if based on manipulation of clover content at the end of summer. Although clover content has been maintained over winter, and increased in spring, by grazing and cutting managements towards the end of the growing season (Laidlaw and Stewart, 1987; Laidlaw et al., 1992) , by resting from grazing in mid-or late season (Curll and Wilkins, 1985) , or late season only (Fothergill et al., 2000) , this study suggests that the extent to which these benefits would be gained across varying climatic conditions needs further investigation. The physiological and simulation models of Parsons (1996a, b, 1999) suggest that understanding of legume dynamics in mixed pastures can be gained by integrating information at the patch-scale, the betweenpatch scale, and the field-scale. The present results suggest that understanding the influence of climate on these relationships is also necessary.
Although this work confirms the importance of autumn in the annual cycle of the clover/grass community, the relationships here require more detailed elucidation to resolve the difficulties of interpretation.
Nitrogen fJertilizer and site variables affecting initial sward state. The absence of significant effects of fertilizer N in the models is at first surprising. However, the independent biotic variables at the start of each functional period include effects of fertilizer common to all plots at a site, and the effects of these independent variables may thus be confounded with the effect of nitrogen. More generally, the modelling method proposed in this paper may not be as useful for detecting the effect of any given site variable (e.g. soil type, pH, management practice) whose value is common for all plots at a site and which would be expected to affect the level of the independent biotic variables measured at the start of a period. Only the partial effects of such variables, discounting their effect through the biotic independent variables, would be estimated by including them in a model across sites. Fuller understanding of the effects of these factors and how these effects are modulated by climate is best pursued through investigations under controlled conditions.
Other issues
The importance of grass tiller density at the end of winter in determining clover content at the end of spring, and the influence of clover cultivar on tiller density at the start of winter, confirm that interspecific competition influenced system dynamics. However, the lack of detailed measurements on grass and clover over the growing season limits the extent to which this issue can be pursued.
The use of initial biotic conditions rather than species densities as independent variables is not common in studies of species mixtures (Gibson et al., 1999) . Initial seedling biomasses of two species (Connolly and Wayne, 1996) , and the ratio of species leaf area early in the growth of a cropweed community (Kropf and Spitters, 1991) , have been used as independent variables in models of interspecific interaction. stressed the need to allow for initial biotic conditions rather than species densities in modelling competitive effects in community development to avoid the possibility of bias due to differences in the initial size of the competing species. Indeed, for perennial species, density may not be a meaningful concept for species such as white clover and perennial ryegrass once they have spread by clonal reproduction, whereas their contribution to the biomass of swards can be determined by sampling at any stage. Although the design of this experiment does not fall within the usual range of designs for the study of interspecific interaction (Gibson et al., 1999; , the variation among plots in the development of the clover and ryegrass allowed regression analysis on initial plot conditions, from which some interspecific effects could be estimated, particularly during the winter period when more detailed information was available. However, for a full competition experiment it would be desirable to establish plots differing widely in composition.
In the models presented in Figs 2 to 8, the role of the initial biotic variables is to characterize the sward at the start of a period, and it is assumed that they integrate much of the previous history of the plot. This is, of course, simplistic, but at the level of definition achievable in this study it is a useful approximation. In a period of very short duration, processes such as tiller production, which take a certain minimum time to complete, could well be influenced by environmental conditions before, or at the end of, the previous period. Autumn is a period in which this is likely to occur, but although the minimum duration of autumn was 13 d, its mean duration was about 35 d , which is, perhaps, sufficient for the previous period to be of little effect. Issues in relation to the use of biotic indicators of initial sward conditions as independent variables are discussed in Connolly and .
Implications for experimentation. The interactions between climatic and biotic variables in the models described indicate that climate is a key element in the dynamics of the clover/grass system. The difficulty in securing a wide range of climatic variation for field experiments on mixed species communities can be realistically resolved only by multisite experiments. Repetition at a single site, even over many years, may not guarantee the range of variation obtained from a well chosen set of experimental sites. Conducting experiments at single sites, when the conclusions are sensitive to climatic conditions, may lead to contradictory reports of system behaviour and of the value of management practices. Even when experiments are conducted at a single site it is desirable to collect a wide range of site information to allow later aggregation of experiments across a number of studies. Similar conclusions apply to mixed systems other than those considered here.
This study clearly demonstrates the importance of incorporating climatic information in the assessment of the clover/ryegrass community. Nevertheless, it is prudent to adopt a cautious approach to the interpretation of the models as causal relationships, since climatic and other site effects were not randomized in an experimental setting and since biotic independent variables may contain individual plot and previous treatment effects. In the absence of the facility to perform field experiments under a range of controlled climatic conditions, the models focus attention on a small number of specific hypotheses which should be validated by laboratory studies and by comparison with the results of field experiments in which climatic conditions are monitored.
CONCLUSIONS
The dynamics of clover/ryegrass communities were related to biological and climatic variables during four phases of the annual growth cycle (Fig. 9) . The modelling strategy and statistical methods led to a better understanding of community dynamics. AberHerald performed as well as, or better than, Huia throughout the annual cycle across the range of climatic conditions encountered, and especially under low temperature conditions in winter and autumn.
Clover leaf area index appeared to be a key variable in determining clover performance over winter and through the following growing season. Grass tiller density had a strong negative effect on clover content in spring but only at low temperatures. This emphasizes the importance of a high clover leaf area index in autumn as the main biotic factor determining spring clover content in milder conditions.
The importance of climatic variables in the models is helpful in explaining the reliability of the contribution of clover in clover/ryegrass systems. Temperature was the primary climatic determinant of clover response in all periods, having a direct effect on clover content and leaf area index or mediating the effect of the associate species. Radiation strongly influenced clover dynamics during winter and spring but not in the other periods. Precipitation was positively related to clover growth during spring and autumn, and was related to tiller density in a complex manner during autumn and winter.
The value of multisite experiments over a wide range of climatic conditions in the investigation of the impact of climate on plant community development has been demonstrated. Multisite experiments require an appropriate common experimental protocol describing the experimental design and the variables (biotic and abiotic) to be measured, which determines the inferences that can be drawn from the experiment. While careful planning is necessary, over-sophisticated and laborious protocols may inhibit broad participation. Great care is required in executing the final coordination of results, analysis and reporting when the needs of several teams and several types of multidisciplinary expertise are involved.
